Electron transfer collisions between beams of neutral K atoms and neutral alkyl bromide ͑R-Br͒ molecules (RϭCH 3 ,t-C 4 H 9 ) are observed by detecting positive and negative ions in coincidence for energies տ4 eV, the minimum energy for overcoming the Coulomb attraction between ions. The molecules are state selected by a hexapole electric field and oriented prior to the electron transfer. The steric asymmetry for both molecules above Ϸ6 eV shows that ''frontside,'' or Br end attack, is favored to form Br Ϫ , with t-C 4 H 9 Br being more asymmetric than CH 3 Br. The asymmetry maximizes near 5 eV and as the energy decreases, apparently changes sign to favor ''backside,'' or alkyl-end attack. Free electrons ͑and K ϩ ͒ are detected from t-C 4 H 9 Br and show a similar change in preferred orientation: at low energies alkyl end attack is favored, and at high energies Br end is favored. These observations suggest that the electron is transferred into different orbitals with different spatial distributions as the energy is varied. Steric factors are evaluated from the experimental data. The steric factor for t-C 4 H 9 Br is generally smaller than for CH 3 Br and above about 5 eV, both increase with energy in Arrhenius-type dependence. The apparent ''steric activation energy'' is Ϸ2.2 eV for CH 3 Br and 3.9 eV for t-C 4 H 9 Br.
I. INTRODUCTION
Chemical reaction depends on the mutual orientation of the reagents. This concept has been with us from the days of the Greek philosophers and modern molecular structure determination makes the concept appealing, intuitive, and useful. Many of our present notions regarding steric hindrance come from the picture provided by bimolecular nucleophilic substitution (S N 2) reactions, such as Cl Ϫ ϩCH 3 Br→ClCH 3 ϩBr Ϫ . ͑1͒
These reactions proceed via nucleophilic attack at the backside of the tertiary carbon. The molecule inverts like a windblown umbrella expelling the Br Ϫ in the process. This socalled Walden inversion 1 depends critically on the size of the groups undergoing the inversion. Substitution of the hydrogen atoms by methyl groups decreases the reaction rate by orders of magnitude because the larger CH 3 groups impede the inversion, effectively shutting off the backside attack. 1 A variety of crossed molecular beam experiments has relatively recently provided direct observation of steric requirements in chemical reactions. [2] [3] [4] In these experiments, simple dipolar molecular targets are oriented before collision either by applying extremely strong electric fields during collision, 5, 6 or by first selecting molecules in certain quantum states and then orienting the state-selected molecules in weak fields. [2] [3] [4] Large steric effects have been observed in photoionization 7 and photodissociation [8] [9] [10] [11] and in a variety of reactive, [12] [13] [14] [15] [16] [17] [18] [19] inelastic, 20, 21 and surface collisions, [22] [23] [24] and the existence of steric effects is thus well documented. These systems mainly involve alkali or alkaline earth metals that react via the ''harpoon'' mechanism, whereby an electron from the easily ionized metal is used to ''harpoon'' an electropositive molecule, with the products being reeled in together by the Coulomb attraction. 25, 26 Both of these processes, the electron transfer and the pairing up of the product ions, are likely to be dependent upon orientation, and the present experiments were initiated to study the fundamental step in the reaction, the electron transfer.
In these experiments, electron transfer from a fast potassium atom to an oriented RX molecule produces positive and negative ions which escape the Coulomb attraction if the kinetic energy is high enough. Even though it is unlikely for the Walden inversion to occur here, we expected the t-C 4 H 9 group to better shield the Br making the steric effect larger. We have thus compared the effect of orientation on electron transfer in CH 3 Br with that for t-C 4 H 9 Br. At a few eV above threshold, the steric asymmetry of t-C 4 H 9 Br is in fact larger than that for CH 3 Br, and frontside or Br-end attack is favored. Near threshold, however, the steric asymmetry for both molecules decreases, and backside or alkyl-end attack may become favored at low energies.
Recent experiments 27 and ab-initio calculations 28 for true S N 2 reactions suggest that frontside substitution reactions are likely to occur at higher energies. Although the reactions considered here are not S N 2 reactions in the usual sense, there is evidence suggesting that some electron transfer and S N 2 reactions proceed through a common transition state. 29, 30 In other experiments we have observed reactions which explore different potential energy surfaces 31 providing support for theoretical calculations suggesting that the reaction flux in S N 2 reactions bifurcates into different channels. The present experiments suggest that the formation of the electron transfer transition state is impeded by substitution of hydrogen by methyl, and may thus contribute to the observed quenching of the S N 2 reaction channel.
II. EXPERIMENT
Electron transfer between neutral species frequently occurs, 32 but separated ions are rarely observed because of the Coulomb attraction between the ions. If enough energy is available to separate the ions ͑and if they form in the first place͒ positive and negative ions can be observed. [33] [34] [35] [36] [37] We have studied collisions where this energy is supplied as translational energy in a beam of neutral K atoms, the electron donor. The electron acceptor target is a beam of neutral molecules, which has been oriented by quantum-state selection in an inhomogeneous hexapole electric field.
The apparatus has been described previously. 17,18,38 -40 Briefly, a charge-exchange process produces fast K atoms: 41 K atoms are ionized on a heated tungsten filament located inside a small oven containing metallic potassium and its vapor. The K ϩ ions are accelerated towards a grid also inside the oven, pass through the grid, and are neutralized in resonant collisions with the neutral vapor. A beam of neutrals and ions emerges from the oven and the ions are deflected out of the beam by electrostatic deflection plates mounted on the oven. The result is a beam of fast, neutral atoms, as well as atoms at thermal speeds which cannot form ions. Previous measurements of the beam speed at energiesϷ20 eV showed that the laboratory kinetic energy was given ͑fortuitously͒ by the ion accelerating voltage, 39 but this result is likely sensitive to the geometry of the source which can change when the source is rebuilt. We thus assume that the laboratory energy is proportional to the accelerating voltage, offset by some constant amount that is determined by measuring the apparent threshold of a standard, SF 6 in this case.
The molecular targets, tert-butyl bromide and methyl bromide, are symmetric top molecules with dipole moments along the unique axis. A supersonic molecular beam ͑10% RBr, 90% He͒ is directed along the axis of an inhomogeneous electric hexapole field, and molecules are deflected in this field according to their rotational state described by the quantum numbers J, K, and M. Here J is the total angular momentum quantum number, K the quantum number for the projection of the total angular momentum along the symmetry axis of the top, and M the quantum number for the projection of the total angular momentum on the electric field. The interaction energy of the top with the electric field is given by
where is the average angle between the top axis and the electric field. 42 The energy decreases if the MK product is positive, and molecules in these quantum states will be drawn towards the charged rods of the hexapole and are defocused. Molecules with M Kϭ0 are unaffected and those with M KϽ0 are forced towards the center of the hexapole and are focused. This is considered in more detail in Sec. IV.
The beam of molecules leaving the state-selecting field passes through an aperture and enters an ultrahigh vacuum collision chamber where it intersects the beam of fast K atoms. Collisions occur in a weak ͑Ϸ300 V/cm͒ electric field between two time-of-flight mass spectrometers which are identical except that one is biased to detect positive ions, the other to detect negative ions. 17 A weak electric field is present along the molecule flight path between the end of the hexapole focusing field and the collision zone, so the state selected molecules remain in the same J, K, and M states and are oriented with respect to the field between the mass spectrometers. Reversing the polarities of the mass spectrometers reverses the field between them and thereby reverses the laboratory orientation of the molecules. These molecules are always in the orientation corresponding to high energy (M KϽ0) and correspond to the negative end of the molecule pointing towards the negatively charged field plate.
State selecting the molecules requires a long focusing field ͑138 cm͒ where the pressure must be kept low to minimize state-changing collisions. [43] [44] [45] [46] This greatly reduces the beam intensity of the oriented molecules, and the beam density at the collision region corresponds to the density of a gasϷ10 Ϫ9 Torr. The crossed beam signal is thus very weak, and the ion signals are monitored by a coincidence technique. The beams are continuous and all voltages are constant so there is no time zero for time of flight measurements but a given electron transfer collision produces a positive ion/negative ion pair. The positive ion signal is used to start a time to digital converter ͑TDC͒, and the negative ion signal ͑delayed 4 s͒ stops the TDC, giving the difference in flight times between the positive ion and negative ion. The delay is introduced so that negative ion signals from ions as light as electrons will arrive after the positive ion start pulse.
Coincidence time-of-flight spectra are accumulated under four different conditions. The polarities of the TOF mass spectrometers determine whether the positive or negative end of the molecule is attacked, and data are taken for each of these polarities with the hexapole field energized and with the hexapole field off. Even with zero voltage applied to the rods, the hexapole field passes a weak beam of molecules in completely random orientations. As discussed in the Appendix, signals from this random beam are used to eliminate any differences in collection efficiency or detection efficiency which arise when the detector polarities are reversed. Hexapole on/off cycles and the mass spectrometer polarities are controlled by computer for better comparison between orientations.
III. RESULTS

A. Ionic products
Coincidence time-of-flight mass spectrometry enables us to detect all of the ions formed in the interaction. Although Br Ϫ is generally the most prominent ion, 17 a small signal due to free electrons is also detected. At very low energies this signal is comparable to that from Br Ϫ as shown in the coincidence spectrum of Fig. 1 . The bottom spectrum arises from randomly oriented molecules that are transmitted through the apparatus when no voltage is applied to the hexapole state-selecting field. The top spectrum is obtained when the field is energized to Ϯ10 kV. The increase in intensity is due only to symmetric top molecules that are focused by the hexapole field and subsequently oriented. Figure 2 shows the difference between the two spectra; both the electrons and the Br Ϫ arise from the focusing species, t-butyl bromide.
The electron signals are small and increase only slightly with increasing collision energy compared to the Br Ϫ signal. Figure 3 shows ⌬S Ϫ (E), the high voltage difference signals for negative end attack. Positive attack signals ⌬S ϩ (E) appear qualitatively similar on the log scale.
B. Steric effects
Ion signals depend strongly on energy because the cross sections increase with energy. In order to emphasize the effect of molecular orientation on reactivity we report the steric asymmetry factor, G, defined as
where Ϯ (E) are the ion production cross sections for either positive or negative end attack. ͑G and may depend slightly on the state-selecting voltage, V, because different voltages influence the distribution of states selected, but in these experiments V was either 10 kV or 0.͒ If reaction occurs at only one end, GϭϮ1, depending on the polarity of the reactive end. If all orientations were equally reactive, G would be zero. Determination of absolute cross sections is difficult, but as shown in the Appendix, G(E) can be evaluated from R Ϯ (E), the ratio of the difference in high voltage signals, ⌬S Ϯ (E), to the signal with Vϭ0, S Ϯ (E,0) as given by Eqs. ͑A10͒ and ͑A11͒ derived in the Appendix:
C. t-butyl bromide
Figures 4 and 5 show the steric asymmetry factor, G, for t-butyl bromide for production of Br Ϫ and electrons, respectively. As previously reported, 47 it is clear that the G factor for Br Ϫ shows a maximum. This maximum is very broad, and the combined data suggest that it is Ϸ5.6 eV, rather than Ϸ5 eV as previously suggested. The uncertainty in the data probably makes this maximum uncertain by Ϸ0.5 eV. The G factor appears to change sign, suggesting that at the very lowest energies the positive end of the molecule ͑the t-butyl end͒ is more reactive than the negative Br end. The electron data, which were previously not available, clearly show a sign reversal and at low energies more electrons are produced by positive end attack than negative end attack. This lends support to the suggestion that at the very lowest ener- gies ͑above the ion formation threshold͒, the positive t-butyl end of the molecule is more reactive than the negative Br end to produce Br Ϫ .
D. Methyl bromide
Figures 6 and 7 show corresponding data for methyl bromide, which is less reactive than t-butyl bromide. As a consequence, the low energy Vϭ0 signals are small leading to uncertainties in the detectivity ratio ͓Eq. ͑A8͔͒. Therefore, for CH 3 Br small amounts of SF 6 were added to the beam to increase the signal from randomly oriented species as well as to serve as an energy calibrant. With SF 6 added, the detectivity ratio ͓Eq. ͑A8͔͒, was generalized to be the ratio of the sum of all random signals. Thus, the numerator of Eq. ͑A8͒ was S Ϫ (E,0) for the ion of interest plus the sum of S Ϫ (E,0) and S Ϫ (E,V) for SF 6 Ϫ and SF 5 Ϫ . Figures 6 and 7 show that the data with SF 6 seem to be smoother. The SF 6 does not interfere with the signals obtained from CH 3 Br because the ions are mass analyzed.
Methyl bromide also produces electrons, but the intensity is lower than that from t-butyl bromide. Figure 7 shows the steric asymmetry for electrons from CH 3 Br and shows that at low translational energy the positive end of the CH 3 Br molecule is more reactive. As the energy increases there is a tendency for the reactivity preference to shift to the negative end of the molecule, but that trend is not well defined.
E. Models
Previous observations on oriented CH 3 CN showed that CN Ϫ and CH 2 CN Ϫ ions were preferentially formed if different ends of the CH 3 CN molecule were attacked. 18 Those observations suggested that the steric asymmetry of t-butyl bromide ͑Fig. 4͒ could arise if increasing energy allowed different unoccupied orbitals of the molecule to become accessible to the electron. We have therefore adopted a simple model consisting of two reaction mechanisms with differing orientation preference, one at low energy and a second at higher energy.
Previous experiments on CH 3 Br showed that the cross section is not linear with energy and that different orientations had a common threshold for Br Ϫ production. 17 We therefore adopted the following form for the high-energy orientation-dependent cross section, Ϯ H :
where a Ϯ H and b Ϯ H are adjustable parameters for the positive and negative attack orientations, and E H is the high-energy threshold. The low energy cross section is assumed to have the same form with a lower threshold, E L , and to be attenuated exponentially with constant c as a consequence of the opening of the higher energy channel at E H ,
where the overall cross section is Ϯ ϭ Ϯ L ϩ Ϯ H . The large number of adjustable parameters ͑eleven, enough to fit the proverbial 48 elephant!͒ make it unlikely that these parameters can be uniquely determined. We therefore adopted threshold values E L and E H that seemed reasonable ͑corresponding to EAs Ϸ0.3 and 0 eV͒ and adjusted the others to fit the asymmetry parameter, G. Although these thresholds severely constrain the other parameters, great emphasis should not be placed on these parameters. We deliberately chose the same energetic thresholds in all cases to emphasize that the present level of experimental accuracy does not necessarily mean that Br Ϫ and e Ϫ have different thresholds. Figure 8 shows a model fitting the experimental G for Br Ϫ from t-butyl bromide; other models have similar appearance. Table I shows the parameters used to fit the data of Figs. 4 -6. The model also suggests that methyl bromide is less reactive than t-butyl bromide at low energies.
The experimental asymmetry parameters shown in Figs. 4 -7 are a combination of separate measurements of reactivity at the positive end of the molecule and at the negative end of the molecule. Figures 9 and 10 compare these separate measurements with the model for Br Ϫ from t-butyl bromide. The experimental points are R Ϯ (E), the ratio of signals from
FIG. 8. Model cross sections for Br
Ϫ production from t-butyl bromide that simultaneously fit the steric asymmetry, G, shown in Fig. 4 and the relative reactivities shown in Fig. 9 and 10 . Parameters are shown in Table I . molecules in a specific ͑Ϯ͒ orientation, ⌬S Ϯ (E), divided by the signal from random molecules, S Ϯ (E,0) ͓Eq. ͑A11͔͒. The model comparison was taken to be Ϯ /( ϩ ϩ Ϫ ) scaled vertically to fit the experimental data since the random orientation is not modeled but is present experimentally. The model used to fit the steric asymmetry also fits the separate reactivity measurements for Br Ϫ from t-butyl bromide thereby providing further support for the model.
IV. DISCUSSION
A. Steric effects at low energy
The main conclusion from these experiments is that ions can be produced from t-C 4 H 9 Br upon attack at either end of the molecule, depending on the energy. This also seems to be true for CH 3 Br, but the effect is not as large. This behavior can be rationalized as resulting from an electron transfer from the K atom into the nearest lobe of the C-Br * antibonding orbital of the molecule. At energies near threshold, attack at the frontside ͑Br end͒ produces the K ϩ and incipient Br Ϫ in close proximity to one another giving a neutral salt molecule not detected in these experiments. Attack at the backside ͑alkyl end͒ produces the K ϩ and incipient Br Ϫ on opposite sides of the alkyl group, making it more likely that the ions can be separately detected. As the energy is increased, more energy is available for separation of the K ϩ and Br Ϫ , making it easier for the ions to escape their mutual Coulomb attraction, and reaction at the Br end becomes increasingly possible.
Complementary thermal energy experiments for the homologs CH 3 I and t-C 4 H 9 I, showed that reaction to form KI was more likely if the I end of the molecule were attacked. 49 Even at somewhat elevated energies ͑1.3-1.5 eV͒ salt formation is favored for halogen end attack of CH 3 Br 14 and t-C 4 H 9 I. 50 In these lower energy experiments only the salt product is formed because the energy is much too low to produce separated ions. These experiments show that salt is produced if the ions are formed on the same side of the molecule. The naïve assumption that the electron is transferred to the positive end of the molecule is clearly not sufficient to be able to interpret the steric dependence of the reaction. The present experiments suggest that the electron can be transferred to either end of the molecule, and that ''reaction'' depends on the proximity of the ions, the energy, and the products detected.
The simple heuristic model invoked earlier and shown in Fig. 8 presumes that more than one state of the intermediate molecular negative ion participates in the electron transfer process. Clearly as the energy increases, orbitals other than the LUMO become accessible. Fragmentary evidence suggesting the existence of multiple negative ion states in the alkyl halides comes from optical spectra and electron scattering. These techniques are both limited by the FranckCondon principle and both probe the negative ion ͑or excited neutral͒ at the geometry of the neutral. Thus only qualitative comparison with the present experiments is possible.
The lowest frequency A bands in the electronic spectra of the neutral methyl halides ͑Ϸ6.2 eV in CH 3 Br͒ involve valence shell np→* (C -X) transitions, whereas the B and C states near 7 eV are Rydberg-type. 51 Electron transmission spectra yield a broad, weak resonance near 2.4 eV ͑corresponding to a transient state of the excited anion͒ assigned as a I symmetry and a second pair of resonances near 7 eV assigned as e symmetry. 52 In some very nice electron scattering experiments, Burrow 53 has shown convincing evidence for two negative ion states in CH 3 Cl. Angle-resolved energy loss spectra show excitation of the 3 (a 1 ) CH and 4 (e) CH stretching modes at different energies, interpreted as evidence of a very low lying a state, and a somewhat higher lying state of e symmetry. The a state is assumed to result from a transfer to the C-Cl * orbital. The states in CH 3 Br are expected to lie even lower 52 and semiempirical calculations 54 suggest that a very weakly bound CH 3 Br Ϫ is stable. The parent negative ion is not observed in the electron transmission spectra because there is always enough energy to produce the molecule plus a free electron. ͑While it could be formed in the present experiments, we were unable to detect it.͒ It is thus possible that several ionic states with quite different geometries could participate in the electron transfer process. These states could asymptotically become the parent negative ion or fragment to produce a Br Ϫ ion. Finally, the existence of a low lying states in t-C 4 H 9 I has been postulated by Loesch 
B. Curve crossings
These processes have been extensively studied with unoriented targets, especially at high energy, [33] [34] [35] [36] [37] and the present experiments greatly rely on those studies for interpretation. Charge transfer between neutral species is a consequence of an avoided crossing between an ionic and a covalent potential surface, illustrated schematically in Fig. 11 for the NaI system. Neutral atoms at large distance are well described by the covalent potential, but at distances corresponding to a few ångstroms, the system is the salt NaI and is best described with the ionic potential. Assuming the covalent potential is essentially zero at large distance, the distance r c where the curves cross is given by
where IP is the ionization potential of the alkali atom and EA the electron affinity of the halogen atom. If the atoms approach one another sufficiently slowly, the energy can be well defined and the system remains on the adiabatic potential ͑inset͒:
which gradually changes from covalent to ionic, and the electron can be described as smoothly moving from the sodium atom to the iodine atom. If the atoms move fast enough, the energy cannot be well defined as the crossing is traversed and there is a possibility that the atoms may jump the gap and continue on the diabatic curve without transferring the electron. The probability of a diabatic jump is well described by the Landau-Zener curve crossing theory, [33] [34] [35] [36] [37] which gives the probability of diabatic transition as
and
v is the relative speed and H ic is the matrix element in the Hamiltonian that couples the two states. For this simple crossing the covalent potential is regarded as zero, and the crossing radius is given by r c ϭe 2 /⌬E 0 where ⌬E 0 ϭIP ϪEA, the difference between the ionization potential of Na and the electron affinity of I. A collision between Na and I atoms requires the crossing to be traversed twice, once on the way in, and once on the way out. If both crossings are adiabatic ͑or if both are diabatic͒ neutral atoms will result. Ions will be produced only if one crossing is diabatic and one adiabatic, and the overall probability of ionization is P d (1 Ϫ P d ). This nicely describes ion-pair formation in highenergy collisions of alkali metal atoms with halogen atoms.
Collisions between an atom and a molecule are more ''interesting.'' Many more dimensions need to be taken into consideration and surface crossings, rather than curve crossings, must be considered, and these are likely to depend on molecular orientation. 19, 33 Despite these complications, the Landau-Zener theory maintains its general utility, and semiempirical expressions have been developed which relate the coupling matrix element to crossing distance 34 ͑expressed in atomic units͒: The major difference between the behavior of atoms and molecules is that the curve crossing in the entrance channel can be quite different from that in the exit channel. If the electron is transferred at the first crossing, the transient molecular negative ion is likely to begin relaxing towards a stable negative ion geometry, substantially changing the nature of the second crossing. The exit crossing could even be with a molecule in the process of falling apart. 57 To explore the ramifications of multiple ionic states suggested by these experiments, curves are sketched in Fig. 12 from states with EAs of 0 and 0.35 eV giving short range crossings ͑Ϸ3.3 and 3.6 Å͒ where H ic is expected to be large. At very low collision energies, only the lower state A will be available, whereas state B becomes available if the energy is increased. At low energies the crossing to state A is almost certain to be adiabatic, and the electron might be transferred to, for example, the * orbital of the alkyl halide. Calculations ͑on CH 3 F and CH 3 Cl͒ suggest that this orbital mainly extends out of the methyl group thereby favoring electron transfer at the positive end of the molecule. 58 While this orbital may also be accessible from the Br end of the molecule, that attack geometry is likely to form KBr and would be undetected in the present experiments. Low energy electron transfer thus probably occurs via the C -X * orbital at either end of the molecule, but escape of free Br Ϫ will be easier if the K ϩ is at the far end of the molecule. Likewise, formation of KBr will be enhanced if electron transfer takes place at the Br end because the incipient ions would be near one another.
If the molecular geometry in ionic state A were significantly different from the neutral, such as that for the parent negative ion, it would not be produced in a Franck-Condon process such as electron bombardment. Production of this state in the present experiments requires the participation of the nearby incipient K ϩ in order to deactivate the excited ionic state, A* Ϫ and to conserve energy. If the requisite deactivation were not complete, the electron could be given back to the K ϩ thereby attenuating the reaction channel to produce Br Ϫ . If the K ϩ were to depart without the electron, and without deactivating A* Ϫ , the stage would be set for A* Ϫ to autodetach thereby possibly accounting for the free electrons observed.
As the energy increases, surface B would become accessible where H ic is likely even larger, making transfer of the electron very likely. This second process might be dominant if this state were to require less participation of the incipient K ϩ . This might be the case if the molecular negative ion were to populate a repulsive state corresponding to occupation of a Rydberg orbital centered on the Br. Electron transfer would likely occur at the Br end of the molecule, and ions would be detected because the energy would be too high to allow KBr to form. As the energy was increased the lifetime of the excited negative ion would decrease. This decreases the probability of making KBr, thus making the participation of the K ϩ moot. These processes involve other coordinates besides the K-Br distance and are thus not shown in Fig. 12 
C. Steric effects at higher energy
Once the electron has been transferred, the K ϩ and Br Ϫ ions must escape their Coulomb attraction. In order to be detected as ions they must make a diabatic transition at the crossing between ionic and covalent curves of the KBr system that is now perturbed by a nearby alkyl radical. The probability that the reagents will escape as ions depends on the reagent speed as the system traverses the avoided crossing, Eq. ͑7͒. If the molecular negative ion breaks apart, as is the case here, the relative speed depends on the orientation of the molecule because the negative ion could be ejected either parallel or antiparallel to the velocity of the positive ion. 57, 60, 61 Figure 13 schematically shows that a Br-end attack ͑panel b͒ would result in the Br Ϫ being ejected antiparallel to the K ϩ thus making the relative velocity higher and P d ϭexp(Ϫ/v) higher to increase the ion yield. On the other hand, alkyl-end attack results in the Br Ϫ being ejected parallel to the K ϩ ͑panel a͒ decreasing v and decreasing P d so the ion yield is expected to decrease. The parallel velocities in panel a can also be thought of as enhancing the likelihood of the ions combining to give KBr molecules, thereby decreasing the ion signal. 57, 62 As a rough model, we assume that incident speed is low enough that the electron is transferred at the first crossing. The probability of forming ions is then given only by the probability that the colliding system makes a diabatic transition at the second crossing, so that P ionization ϭ P d 2 ϭexpϪ/v. The ratio of probabilities for Br or R end attack is thus
where v R or v Br is the relative velocity between K ϩ and Br Ϫ in the R or Br end attack orientation. Enough incident translational energy must be converted to internal modes so that the ions can be ultimately separated, so the final kinetic energy in the center of mass is T f ϭT 0 Ϫ⌬, where T f ϭ1/2 K-RBr uЈ 2 . Three particles ultimately emerge ͑K ϩ , Br Ϫ , and R͒ and we cannot a priori decide how the velocities are related. We therefore crudely assume that electron transfer is a two-body process followed by a separate decomposition of the molecular negative ion. Thus the K ϩ ion and RBr Ϫ ion recoil in the CM so that m K u K ϭϪm RBr u RBr , where m i are masses and u i are the final velocities of species i. The CM velocity of the ions is then
Assume that the RBr Ϫ is perfectly oriented along the relative velocity u so that when it dissociates ͑with energy ͒, Br Ϫ is ejected parallel or antiparallel to the receding K ϩ . In the CM of the RBr: 2ϭ R-Br w 2 , m Br w Br ϭϪm R w R and w Br ϭm R /m RBr ͱ2/ R -Br . The velocity of Br Ϫ in the original CM is then u Br Ϯw Br and the relative velocity between the K ϩ and Br Ϫ ions is
where
Thus a plot of ln(P R / P Br )ϭln͓(1ϪG)/(1ϩG)͔ vs ͓T f ϪF(m)͔, where ͓T f ϪF(m)͔Ϸ͓T 0 Ϫ⌬͔ should be linear with slope G(m)ͱ These plots are shown in Fig. 14 for energies above about 6 eV. The slopes and the parameters F, G, and ⌬ are given in Table II . The linearity suggests that this general approach is reasonable provided that T 0 is large.
In the exit channel the K ϩ and Br Ϫ ions are trying to escape their Coulomb attraction that is perturbed by the alkyl FIG. 13 . Schematic exit velocity relations for ͑a͒ K incident on the R end of RBr and ͑b͒ K originally incident on the Br end of RBr. In both panels the K ϩ and CM of the transient RBr Ϫ are the same, but the RBr Ϫ is presumed to decompose in its center-of-mass, ejecting the Br Ϫ either parallel ͑a͒ or antiparallel ͑b͒ to the K ϩ velocity.
group. If the crossings were identical and if the energy released in the decomposition of the negative molecular ion were the same, ͱ would be the same. These numbers, 0.65 and 1 for CH 3 Br and t-C 4 H 9 Br, are remarkably similar given the drastic assumptions made, suggesting that the exit crossings are similar, but perhaps not identical. Lower energy points are clearly not fit with this model because the crude approximations made here are not valid at low energies.
D. Comparison between CH 3 Br and t-C 4 H 9 Br
These molecules are not perfectly oriented and the orientation distributions must be known to determine whether the differences in steric asymmetry arise from intrinsic reactivity differences or as a consequence of t-C 4 H 9 Br being better oriented. In order to make the beam intensity high enough for scattering experiments, the hexapole electric field is operated without a beam stop. Molecules are thus passed in a distribution of quantum states which depends strongly on the molecule being studied, the apparatus geometry and the applied voltage, the latter two being constant in a given experiment. The quantum probability distribution P(cos ) must thus be calculated for these molecules under our experimental conditions. P(cos ) is the overall sum of the quantum probability distribution function, [63] [64] [65] P JKM (cos ) weighted by the fraction of molecules in states J, K at temperature T, f JK (T) and weighted by the probability of being transmitted through the field at voltage V, F JKM (V):
͑14͒
The probability of a molecule being transmitted through the field, F JKM (V), takes into account not only the ͉JKM͘ states which are focused, but also the states which defocus. Since the intensity of the beam increases as the voltage is increased, F JKM (V) is calculated relative to the intensity transmitted with Vϭ0. The resulting P(cos ) are shown in Fig.  15 for several focusing voltages for CH 3 Br and t-C 4 H 9 Br. As expected, for Vϭ0.001 kV the distribution is skewed only infinitesimally from that for Vϭ0 for which P(cos ) ϭ0.5. For higher voltages, a few molecules in MKϾ0 states are thrown out of the beam, but a larger number with MK Ͻ0 are focused.
The curve entitled ''norm'' is the 10 kV CH 3 Br curve rescaled to have the same area as the 10 kV t-C 4 H 9 Br curve. This shows that the t-C 4 H 9 Br beam has more well-oriented molecules and fewer poorly oriented molecules than does CH 3 Br. This difference arises because CH 3 substitution on CH 3 Br makes t-C 4 H 9 Br less of a prolate top and more welloriented states are populated, ͓f JK (T) is larger for welloriented states in t-C 4 H 9 Br.͔ 66, 67 For these molecules, P(cos ) is essentially linear in cos but a slightly better fit results with a fourth-order Legendre polynomial fit, 63, 64 where
and P i (cos ) are the Legendre polynomials. These coefficients are listed in Table III 10% greater than that for CH 3 Br, but the maximum G factor for t-C 4 H 9 Br is about 60% greater than for CH 3 Br, suggesting a preference for collinear attack. The angle is the angle between the average dipole and the extant electric field and the probability distribution, P(cos ), is the same in the positive and negative attack orientation. The K atom explores the same distribution from different directions because the electric field is parallel to the K atom velocity in the negative-end attack orientation and antiparallel in the positive-end orientation. If is the angle between the incident K atom and the C-Br bond, as shown in Fig. 16 , then ϭ for positive end attack, and ϭϪ for negative end attack. As shown in Fig. 16 , small values of are favored for Br-end attack, and large values for alkylend attack.
We adopt the following simple cone-of-acceptance model shown in Fig. 16 to compare the reactivity in CH 3 Br and t-C 4 H 9 Br:
The cross section for a given energy is then ϭ ͵ P͑cos ͒d͑ cos ͒. ͑19͒
These cross sections and the steric asymmetry parameters are evaluated from P(cos ) for various values of 0 to enable us to obtain the experimental estimates for 0 shown in Fig. 17 . The model assumes reaction only at the Br end, and in order to accommodate reaction at the alkyl end, points corresponding to the negative G values in Figs. 4 and 6 are included in Fig. 17 as having angles Ͼ180°. These points represent reactivity at the alkyl end of the molecule with a cone of half angleϭ 0 Ϫ180°and they are omitted in subsequent plots.
The differences between CH 3 Br and t-C 4 H 9 Br shown in Fig. 17 are significant and we conclude that there are, indeed, intrinsic differences between the reactivity of CH 3 Br and t-C 4 H 9 Br. Steric requirements are the result of an angle dependent barrier to reaction, and we may interpret the data above as being the angular dependence of the energy required to surmount a barrier at the alkyl end of the molecule. These data are shown in Fig. 18 for the higher energies. As one might expect, more energy is required to surmount the barrier for t-C 4 H 9 Br than for CH 3 Br. For a fixed energy the hindering t-C 4 H 9 -group subtends an angle about 17°larger than the CH 3 -group, consistent with a simple model based on covalent and van der Waals radii.
E. Steric factors
The steric factor, , of traditional chemical kinetics is the fraction of bimolecular collisions ͑with the requisite energy͒ that give reaction. The steric factor can be calculated from the cutoff angles, 0 , extracted from the experimental steric asymmetry using the step-function model of Eq. ͑16͒.
For an unoriented sample, P(cos ) is a constant independent of because all orientations are equally likely. Thus, Eqs. ͑18͒ and ͑19͒ become
Steric factors evaluated from Eq. ͑20͒ are shown in Fig. 19 . As expected, t-C 4 H 9 Br is more sterically hindered than CH 3 Br and is smaller for t-C 4 H 9 Br. Because virtually all chemical reaction rates can be written in the Arrhenius form kϭA exp(ϪE a /RT), we have plotted ln vs 1/E for high energies as shown in Fig. 20 . The lines in Fig. 20 are leastsquare fits to the data and suggest that steric factors also fit an equation of this form with apparent ''activation energies'' of 2.2 and 3.9 eV for CH 3 Br and t-C 4 H 9 Br, respectively. These values are weakly sensitive to the rotational temperature assumed in calculating P(cos ), with the apparent ''activation energy'' increasing about 10% if the rotational temperature is doubled.
V. SUMMARY
Ions are formed by electron transfer from neutral, hyperthermal K atoms to neutral molecules, CH 3 Br and t-C 4 H 9 Br which are spatially oriented before the electron transfer. K ϩ and the negative ions are separately detected in identical time of flight mass spectrometers and the negative ion is identified by the difference in flight time. The largest signals are from Br Ϫ ions, but free electrons are also observed. The effect of orienting the molecule prior to electron transfer is explored as a function of translational energy. A minimum energy near 4 eV is required to separate the ions. Signals are very small near threshold, but in the case of t-C 4 H 9 Br, production of both electrons and Br-is favored by alkyl-end attack. The steric asymmetry reverses sign ͑the Br end becomes favored͒ near 5 eV, maximizes near 6 eV, and declines thereafter. CH 3 Br exhibits a similar maximum in the steric asymmetry, and the data can be fit with a simple model consisting of a low energy process favoring alkyl attack and a high-energy process favoring Br attack. The electron is apparently transferred into different orbitals of the molecule as the energy changes. At low energies this orbital is possibly the C-Br * LUMO, and at higher energies perhaps a Rydberg-type of orbital on the Br. Quantum probability distributions for finding molecules oriented at a given angle are calculated for the experimental conditions, with t-C 4 H 9 Br somewhat better oriented. A conc-of-acceptance model is used to extract the size of the cone as a function of energy, and from this gas kinetic steric factors are calculated. The steric factor, , for t-C 4 H 9 Br is smaller than that for CH 3 Br, and for both molecules follows an Arrhenius-type of energy dependence.
The beam of molecules transmitted through the hexapole focusing field at Vϭ0 is truly random, consisting of equal contributions from focusing and defocusing molecules as well as some nonfocusing molecules ͑denoted f, d, and n, respectively͒, so
If a voltage V is applied to the hexapole rods, the nonfocusing molecules are unaffected, the defocusing molecules are slightly defocused, and a large increase is observed for molecules in focusing states. Thus,
where ␣(V) and ␤(V) are apparatus dependent functions of voltage and ␦ is the fraction of molecules in focusable states, which is equal to the fraction in defocusable states. The difference in signals between HV on and HV off is thus, from Eqs. ͑A2͒, ͑A3͒, and ͑A4͒:
͑A5͒
The positive end/negative end ratio Q(E) of the difference signals allows us to cancel absolute intensities, geometric factors, and ͓␣(V)Ϫ␤(V)͔ to give
The detectivity ratio is obtained using the signals obtained in two ''orientations'' for state selection voltage Vϭ0 where the beam is truly random. Thus,
with R Ϯ ͑ E ͒ϭ ⌬S Ϯ ͑ E ͒ S Ϯ ͑ E,0͒ . ͑A11͒
